The quark-hadron duality in neutrino interactions is considered. Resonance production is described by the Rein-Sehgal model and its contribution to the overall inclusive cross section is evaluated by means of 1-pion functions. The duality appears to be present on the approximate level. In the NC reactions the deviations from duality are smaller then in the CC channels. The impact of the corrections to the PDFs proposed by Bodek-Yang is also investigated. The hypothesis of twocomponent duality is verified with the negative conclusion: no relation is found between contributions from non-resonant background of the Rein-Sehgal model and from the sea quarks.
Introduction
In recent years the quark-hadron duality has been the subject of many experimental and theoretical studies. The idea of duality was formulated first by Bloom and Gilman [1] . It was based on the observation 1 kgraczyk@ift.uni.wroc.pl 2 cjusz@ift.uni.wroc.pl 3 jsobczyk@ift.uni.wroc.pl that surprisingly the theoretical formalism used to describe the deep inelastic lepton-hadron interactions has something in common with the low W (invariant hadronic mass) resonance dominated physics. Bloom and Gilman compared resonance data from electron-nucleon scattering with appropriate scaling functions. They observed that apparently resonance (RES) data on average are comparable to the DIS formalism predictions at large Q 2 . More recent experimental data on duality were reported by Niculescu et al. in Ref. [2] where several plots obtained for Q 2 from 0.2 to 3.3 GeV 2 of the proton F 2 structure function as the functions of the Nachtmann variable ξ were presented on the same figure. The averaged resonance peaks for ξ ≥ 0.2 can be approximated by the structure function calculated at Q 2 = 5 GeV 2 . This duality can be analyzed in more quantitative way by calculating the ratio of integrated strengths for several experimentally distinguished resonances and the DIS structure function. The agreement is within around 10%.
In the theoretical analysis of the duality one introduces a language of twist expansion of moments of structure functions in powers of 1 Q 2 [3] . In this context the duality means the suppression of higher twists [4, 5] . Using the idea of duality one can combine experimental and theoretical arguments and find suitable extrapolation of the structure functions which average over resonances for small values of Q 2 . An important work in this direction was done by Bodek and Yang [6] . They used the data from SLAC, BMDMS and NMC and corrected the structure functions based on GRV94 and GRV98 PDFs.
The quark-hadron duality is usually discussed theoretically and analyzed experimentally in the context of electron-hadron interactions. But the subject is also relevant in the neutrino physics where the duality arguments are hoped to give estimates of neutrino-nucleon cross sections in the few GeV neutrino energy region where they are known with insufficient accuracy [7] . For these energies it is necessary to consider both quasi-elastic and inelastic channels. In the inelastic channel the single pion production (SPP) is usually treated separately from the more inelastic channels which in practical applications such as Monte Carlo generators of events are accounted for by extrapolating DIS formalism as much as necessary. This approach carries a lot of uncertainty and requires a better theoretical understanding of this kinematical region. It is obvious that such understanding and control over the numerical procedures can follow from the quark-hadron duality analysis.
When trying to discuss the quark-hadron duality in the neutrino interactions the main obstacle is the lack of precise experimental results. The existing SPP data is rather poor in precision and statistics [8] . In the future the data will hopefully become precise enough to impose more rigid constraints on theoretical models but for the moment the optimal strategy is to analyze in detail the best and generally accepted model: the Rein-Sehgal (RS) [9] model.
The RS model was developed to describe SPP induced by neutrinonucleon NC and CC interactions. It is currently used in almost all neutrino Monte Carlo generators of events [7] . It is based on the quark model computations of the hadronic current as proposed and developed by Feynman, Kislinger and Ravndal [10] . In the original model contributions from 18 resonances with masses smaller than 2 GeV are added in a coherent way. The scattering amplitudes contain several form factors. The vector form factors are obtained from the electroproduction data by the standard CVC argument. The axial form factors are less constrained by theoretical arguments (PCAC) and the available data. The RS model contains also an ad hoc prescription for computing the non-resonant background. The extra amplitude is introduced with the quantum numbers of the P 11 resonance but without the Breit-Wigner term and then added in the incoherent way. Its strength is fine tuned in order to obtain an agreement with the experimental data.
The aim of this paper is to check if the duality holds also in neutrino-nucleon reactions assuming that the RS model predictions are fairly close to what comes out from future precise cross section measurements. Our methodology is to repeat the analysis done for electron-nucleon scattering. We extract three structure functions as they are defined by the RS model. We compare them at several values of Q 2 with the DIS structure functions computed with GRV94 PDFs evaluated at Q 2 = 10GeV 2 .
We perform also a quantitative comparison of integrated strengths over resonances. All the comparisons are done first separately for proton and neutron structure function and then for the their average i.e. for an isoscalar (deuterium-like) target. Both CC and NC neutrino reactions are discussed.
Is is well known that the SPP channels on proton and neutron have distinct properties. In the CC neutrino-proton SPP there is no non resonant background but in the neutrino-neutron SPP the background is present. The way in which non-resonant background is treated in the RS model in not satisfactory. For this reason we also discuss the idea of two-component duality proposed by Harari and Freund [11] . They suggested that resonance and non-resonance contributions to the low energy scattering amplitude (s-channel) correspond to the contributions given by the high energy amplitudes (t-channel) due to Reggeon and Pomeron exchange. Using the modern language it can be expressed as existence of a relation between resonance and non-resonance contributions and valence and sea contributions to the structure functions [3] . Some confirmation of this idea was found in [12] : in the low Q 2 (RES) region of electron-nucleon scattering the RES data seems to be averaged by the DIS scaling curve (GRV98) in which only the valence quarks contribution is included. We will perform a comparison of the non-resonant background contribution to the RS structure functions with the sea quark contribution to DIS functions. It is an attractive idea to use the sea DIS contribution to describe the non-resonant background seen in SPP channels [13] .
The discussion of the duality for neutrino scattering based on the RS model is in important point different from the electron scattering analysis based on the experimental data. The RS model describes only SPP channels and it covers the invariant hadronic mass for up to 2 GeV. Contributions from the more inelastic channels (e.g. from other then SPP decay channels of resonances) are neglected. In the electron scattering studies the experimental data is that of the inclusive cross section. In order to perform a similar analysis for the RS model it is necessary to estimate the contribution of more inelastic channels for invariant hadronic mass smaller then 2 GeV. In this paper it is done by introducing the functions which measure the probability that the final hadronic state is that of SPP. We obtained these functions numerically using the LUND algorithm [14] [13] . The functions (one for each exclusive SPP channel) turn out to depend only on the invariant hadronic mass. For the value of invariant mass W ∼ 1.5 GeV contributions to the inclusive cross section from more inelastic channels amount to about 50%. Using these functions the contribution corresponding to SPP channels can be extracted from the overall DIS structure functions (assuming they provide an average description also in the RES region). Our approach carries the uncertainty with which the SPP production functions are defined but seems to be self-consistent. More comments on this subject are placed in the last section of the paper.
The hypothesis of the quark-hadron duality in neutrino-nucleon interactions was discussed already by Matsui et al. [15] , Lalakulich et al. [16] and in [17] . In [15] the Lee-Sato model [18] for ∆ production in electron-and neutrino-nucleon scattering was analyzed. It was shown that the local duality seems to hold for both proton and neutron structure functions in CC as well as NC neutrino reactions. The resonance model investigated in [16] includes only four resonances (P 33 , P 11 , D 13 and S 11 ) added in the incoherent way. The model (unlike the RS model) takes into account the charged lepton mass. The conclusions were with agreement with those contained in [15] . The paper is organized as follows. In Section 2 the necessary theoretical background is presented. The structure functions are obtained from the Rein-Sehgal model and the 1-pion functions are defined. To measure measure how well the duality holds the functions R c,q are also defined. In Section 3 we present the discussion of our results, showing also a series of 10 figures. Section 4 contains the conclusions.
2 Theoretical foundations of the numerical analysis
Rein-Sehgal structure functions
We consider the following SPP charge current (CC) and neutral current (NC) reactions:
In the LAB frame the momentum transfer is:
The leptonic current is defined as:
In the RS model the leptonic mass is set to be zero. In this limit q µ J µ lepton = 0. One can introduce a basis of three vectors orthogonal to q µ of length ±1:
Correspondingly, the leptonic tensor can be decomposed into three contributions:
A 2 , B 2 , C 2 are Lorentz scalars which are calculated in the LAB frame:
Decomposition of the leptonic tensor entails the decomposition of the cross section into three contributions σ L , σ R , σ S which are interpreted as cross sections of intermediate boson in given polarization states scattered off nucleon. The Rein-Sehgal final formula for the cross section reads:
where
Thus we can write:
σ L,R,S are then calculated within the quark model and are given in the explicit way for each single pion production channel separately.
In order to identify σ L,R,S as linear combinations of the structure functions we introduce the hadronic tensor in the standard way:
where M is the nucleon mass.
We get
and
The differential cross section for the neutrino-nucleon scattering expressed in terms of W j is calculated to be:
A simple comparison gives us the following identification of the σ ′ s in terms of W ′ s:
Using the definition of structure functions F ′ s in terms of W ′ s we write down the expressions for the Rein-Sehgal model structure functions:
DIS structure functions
The DIS structure functions are given by appropriate linear combinations of the parton distribution functions (PDFs). For CC neutrinonucleon interaction DIS structure functions are [19] :
For NC neutrino-nucleon interaction DIS structure functions are:
In order to produce the plots of the DIS F 1 structure functions we use the Callan-Gross relation:
Our quantitative analysis will be restricted to F 2 and F 3 structure functions.
We use GRV94 (LO) parton distribution functions [20] which are defined for Q 2 > 0.23 GeV 2 and x ≥ 10 −5 and distinguish valence and sea quark contributions.
Single pion production and DIS
In order to evaluate SPP in the framework of the DIS formalism extrapolated to the resonance region we introduce 1-pion functions so that
1-pion functions f 1π (W ) are defined as the probabilities that the final hadronic state is that of the SPP. In this paper the functions were obtained from the Monte Carlo simulation based on the LUND algorithm. Therefore they are defined by fragmentation and hadronization routines implemented there. We assume then that the scaling structure functions describing the contribution of SPP exclusive channels inside the DIS formalism are expressed as:
Another way to use 1-pion functions is to extrapolate RS structure functions to describe in average the inclusive neutrino-nucleon contributions:
Such procedure is not valid locally because it only rescales the structure of resonance peaks but redefined structure functions
, when averaged should be close to DIS structure functions (provided the duality holds true).
Quark-Hadron Duality
The duality between quarks and hadrons is said to be present on the quantitative level when the following relation between resonance and scaling structure functions holds:
where ξ is a Nachtman variable defined as:
The above equation should hold for different values of Q 2 RES , also at Q 2 RES < 1 GeV 2 corresponding to momentum transfers characteristic for the resonance production. In our analysis we took Q 2 DIS = 10 GeV 2 . The region of integration -RES region -is constrained by the threshold value W min = M + m π and the maximal resonance mass included in the RS model, W max = 2 GeV.
The quantity which is the final goal of our analysis is defined as
We will check also whether scaling functions (or their suitable modifications) when applied in the region of small Q 2 provide an average description of the RES region. The appropriate quantity to investigate is
In equations (34) and (35) the symbol F i denotes xF 1 , F 2 or xF 3 . We define also the ratio R c i,1π which is given by the Eq. (34) with the RS structure function divided by the 1-pion function. Moreover the function R q i,1π is defined by the Eq. (35) with the DIS structure function multiplied by the 1-pion function. From these definitions it follows that R q,c i < R q,c i,1π . We also investigate how Bodek-Yang modifications [6] of the structure functions influence the values of R q i . The Bodek-Yang corrections are defined as: i) instead of the scaling variable x a new one is introduced (to include target mass corrections and higher-twist effects).
ii) the structure functions are multiplied by some factor depending on Q 2 .
iii) the Callan-Gross relation is modified. It is done by using the world function R(x, Q 2 ).
Finally in order to investigate the hypothesis of two-component duality the following functions are defined:
3
Numerical results and discussion
In the numerical analysis we confine ourselves to the case of neutrino interactions and leave out the antineutrino ones. In Figs. 1 and 2 we present a comparison of the scaling structure function calculated at Q 2 DIS = 10 GeV 2 with the RS structure functions calculated at Q 2 = 0.4, 1 and 2 GeV 2 . The Figs 1 and 2 correspond to CC and NC reactions respectively with proton structure functions in the upper row and neutron structure functions below.
In the case of the RS model for neutrino-proton CC reaction the ∆ resonance contribution dominates overwhelmingly over other resonances. One can see the typical manifestation of duality: sliding of the ∆ peaks (calculated for three different Q 2 ) along the scaling function. The structure function of RS and DIS when averaged over resonance region seem to be similar (this will be soon checked numerically).
For neutrino-neutron CC scattering the resonance structure is much richer. The contribution from the ∆ is still dominant but contributions from the subsequent resonances are also significant. In the figure with the F 2 structure function three peaks of comparable size are present. The DIS contributions clearly dominate over the RS ones in this case.
For the NC reactions the ∆ peaks also slide along scaling function. The structure functions for the proton and neutron are almost the same. In all the plots of F 2 the ∆ peak is dominant. The DIS contribution to the F 2 seems to be on average larger than the RS contribution but for xF 1 , xF 3 they are of similar magnitude.
In Fig. 3 a similar analysis is performed for the isoscalar target. The plots of the structure functions for CC (upper row) and NC (lower row) reactions are presented. In each plot the ∆ peak slides along the scaling function in accordance with the local duality hypothesis.
For xF 1 and xF 3 the duality between the RS model and DIS description seems to hold quite well while for F 2 the DIS contribution apparently dominates over the RS one.
The above results are comparable with those obtained in Ref. [15] . However the strengths of our ∆ peaks for all the structure functions and 2 GeV 2 (red, green and pink lines) with the appropriate scaling functions at Q 2 DIS =10 GeV 2 (blue line). In the first row xF 1 , F 2 and xF 3 structure functions for CC neutrino-proton scattering are plotted. In the second row the structure functions for CC neutrino-neutron scattering are shown. and 2 GeV 2 (red, green and pink lines) with the appropriate scaling functions at Q 2 DIS =10 GeV 2 (blue line). In the first row the plots of the xF 1 , F 2 and xF 3 structure functions for CC neutrino-isoscalar target scattering are presented. In the second row structure functions for NC neutrino-isoscalar target scattering are shown. In the first row the functions are calculated for proton (red lines) and neutron (blue lines) structure functions for both CC and NC reactions. In the second row the functions are computed for isoscalar target (green lines) structure functions. Thin lines correspond to R q 1π and thick lines to R q . The same convention is applied throughout the whole paper. are proportionally lower.
In order to perform a more quantitative analysis of the duality we make use of the R c i and R c i,1π functions defined in Eq. (34). Let us remind that the integration area in numerator and denominator are the same but the the Q 2 value in the DIS structure function is fixed at Q 2 DIS = 10GeV 2 . In Fig. 4 the analysis of the F 2 structure function is performed. The R c 2 and R c 2,1π are plotted to investigate how the introduction of the 1-pion functions affects the duality.
The CC proton structure function R c 2 (Q 2 ) (without the 1-pion function) ranges from 0.7 to 1.5. The introduction of the 1-pion function spoils the duality as the R c 2,1π (Q 2 ) is an increasing function of Q 2 taking values between ∼ 1.1 and ∼ 2.5.
On the other hand, in the case of the CC neutron structure functions the introduction of the 1-pion function improves duality in a very significant way. The R c 2,1π slowly increases from ∼ 0.7 to ∼ 1.4. As far as the isoscalar CC target structure functions are concerned one can see that R c 2,1π takes values in the range from ∼ 0.8 for small values of Q 2 to ∼ 1.5 for Q 2 = 10 GeV 2 while R c 2 is smaller ranging from ∼ 0.4 to ∼ 0.5. In that case the introduction of the 1-pion function restores the duality picture. CC proton and neutron structure functions. In the first row the xF 1 , F 2 and xF 3 functions for neutrino-proton scattering are presented and in the second row the analogous plots for neutron are shown. Green lines denote RS structure functions, thick pink lines correspond to resonant contributions and thin pink lines to nonresonant contributions. Red lines denote DIS functions, thick blue lines correspond to valence and thin blue lines to sea contributions. For the NC reactions we see that the 1-pion functions improve the duality making all the functions close to one. Consequently we can claim that the quark-hadron duality holds very well.
In Fig. 5 the similar analysis is performed for the the xF 3 structure functions. The R c 3 and R c 3,1π ratios are plotted. The duality picture is very similar in this case, almost the entire discussion from the previous figure could be repeated here.
We extend the analysis of the duality of the F 2 structure function by making the plots of R q 2 and R q 2,1π defined by Eq. (35) corresponding to using the same value of Q 2 for the DIS and the RS structure functions.
In Fig. 6 the R q 2 functions are compared with R q 2,1π . The introduction of the 1-pion functions leads to better agreement with the duality hypothesis in all the cases apart from the CC proton structure function.
We also notice a common feature of all the plots of R c,q 2 and R c,q 2,1π . In each case the functions R c,q 2 and R c,q 2,1π are increasing in the region Q 2 > 4 GeV 2 and the R c,q 2,1π ratios exceed 1 at Q 2 = 10 GeV 2 . The Fig. 6 should be also compared with the previous Fig. 4 where the Q 2 DIS is kept fixed. In general we observe that R c 2 rations are closer to one than R q 2 ones, meaning that the DIS structure functions should be improved at the low Q 2 region to better describe the RES region. Such modification were proposed some time ago by Bodek and Yang. It is important to investigate their performance in confrontation with the RS model. The results are shown in the Fig. 7 . The R q 2,1π functions calculated for the proton and neutron targets for CC reactions are plotted in two situations: with and without the Bodek-Yang corrections. In general the Bodek-Yang corrections make the values of R q 2 (Q 2 ) smaller. In the case of proton the corrections improve the agreement with the duality hypothesis but in the case of neutron the agreement is spoiled. In the case of isoscalar target we find that Bodek-Yang corrections do not lead to good agreement with the predictions of the RS model.
In order to investigate two-component duality we separate two contributions in both RS and DIS structure functions as shown in Figs. 8 (CC) and 9 (NC). The RS structure functions are split into the resonant and non-resonant parts while the DIS structure functions are sums of the valence and the sea contributions.
In Fig. 8 the CC structure functions are shown. In the RS model the proton structure functions contain no non-resonant contribution.
The sea contribution to the DIS structure function is small and increasing for decreasing values of the Nachtman variable. The sea contribution to the proton F 3 is negative, since sea(F p 3 ) + sea(F n 3 ) = 0, see Eqs. (18) and (20) .
The neutron RS structure functions have significant non-resonant background contributions but there is no clear relation with the sea DIS part.
In the NC case (see Fig. 9 ) the non-resonant contribution is present for both neutron and proton targets. However, the DIS xF 3 structure functions contain only the valence contribution.
Such elementary analysis suggests that two-component duality is not present.
The quantitative discussion of the two-component duality is presented in Fig. 10 . The plots of R c 2,val,1π and R c 2,val,1π are shown. The duality between the resonant part and valence part is satisfied approximately on the same level as for the overall the RS and the DIS parts while there is a large disagreement between the nonresonant part and the sea contribution. This confirms the results of the qualitative analysis that the two component duality is not seen in our approach.
Conclusions
The quark-hadron duality in the neutrino induced single pion production on nucleon target has been investigated by comparing the structure functions obtained from the Rein-Sehgal model and those from the deep inelastic formalism. The qualitative analysis was based on the plots of the RS and the DIS structure functions while the quantitative one on the plots of functions R defined as the ratios of the corresponding integrals.
The duality appears to be present on the approximate level in both CC and NC current reactions on the isoscalar target. In the case of NC reactions the duality is also seen separately in reactions on proton and neutron. It is shown that the RS model structure functions averaged over invariant hadronic mass do not differ much from analogous quantities calculated for scaling structure functions for fixed values of Q 2 in the range from 0.3 to 10 GeV 2 . It is shown that Bodek-Yang corrections to GRV94 Parton Distribution Functions do not improve the duality significantly. It is therefore necessary to look for new mod-ifications of the PDFs which when applied in the kinematical region characteristic to creation of resonances would provide a good average description.
An important ingredient of our analysis were the 1-pion functions which represent probabilities that in the inclusive cross section the final state is that of the single pion production. Their form was obtained by numerical analysis of the simulations based on the LUND algorithm [21] . The accuracy of the 1-point functions directly affects the accuracy of our results. For this reason it would be interesting to reconstruct the 1-pion functions from the KNO multiplicities fits available from neutrino experiments.
The hypothesis of the two-component duality was also addressed. Our conclusion is negative and we found not manifestation of the twocomponent duality in CC and NC reactions. It would be interesting to perform a similar analysis using a more accurate model of the nonresonant background.
